Neutrino Oscillation: an Avenue to Probe the
Universe

Ali Rida Khalifé
ridakhal@iap.fr

Institut d'Astrophysique de Paris
In collaboration with Raul Jimenez at ICCUB
Refs:2010.08181, 2105.07973 and 2111.15249

Q SORBONNE
b UNIVERSITE
1

Ali Rida Khalifé ridakhal@iap.fr Neutrino Oscillation: an Avenue to Probe the Universe


https://arxiv.org/abs/2010.08181
https://arxiv.org/abs/2105.07973
https://arxiv.org/abs/2111.15249

Motivation

Multimessenger Alliance

Gravitational Waves Electromagnetism Neutrinos

Source:downloadwallpapers.net
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Motivation

Gravity at the Quantum Realm

Source: APS
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Brief Introduction to Neutrino Oscillations

A bit of History

@ Neutrino Oscillations: back and forth change between their
different flavors(e, v and 7, for now).
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Brief Introduction to Neutrino Oscillations

A bit of History

@ Neutrino Oscillations: back and forth change between their
different flavors(e, v and 7, for now).

@ First proposed by Bruno Pontecorvo in the late 1950s as a
theoretical analogy to K® — K© oscillations(inventing sterile
neutrinos along with it).

Bruno Pontecorvo
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Brief Introduction to Neutrino Oscillations

A bit of History

@ Neutrino Oscillations: back and forth change between their
different flavors(e,  and 7, for now).

@ First proposed by Bruno Pontecorvo in the late 1950s as a
theoretical analogy to K® — K© oscillations(inventing sterile
neutrinos along with it).

e With the discovery of v, in 1962, oscillations became a
possibility if neutrinos were massive.

Mel Schwartz, Jack Steinberger and Léon Lederman 7
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Brief Introduction to Neutrino Oscillations

A bit of History

@ Neutrino Oscillations: back and forth change between their
different flavors(e, v and 7, for now).

@ First proposed by Bruno Pontecorvo in the late 1950s as a
theoretical analogy to KO — K? oscillations(inventing sterile
neutrinos along with it).

e With the discovery of v, in 1962, oscillations became a
possibility if neutrinos were massive.

@ In 1967, Pontecorvo predicted the solar neutrino problem, later
discovered in 1993 by the Homestake experiment.
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Brief Introduction to Neutrino Oscillations

A bit of History

@ Neutrino Oscillations: back and forth change between their
different flavors(e, v and 7, for now).

@ First proposed by Bruno Pontecorvo in the late 1950s as a
theoretical analogy to KO — K oscillations(inventing sterile
neutrinos along with it).

e With the discovery of v, in 1962, oscillations became a
possibility if neutrinos were massive.

@ In 1967, Pontecorvo predicted the solar neutrino problem, later
discovered in 1993 by the Homestake experiment.

@ More details: “Fundamentals of Neutrino Physics and
Astrophysics”; Giunti, Carlo; Kim, Chung W.
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Vacuum: Formalism

e Flavor Oscillation is generated by the interference of neutrino
mass states = we need to mix mass and flavor eigenstates
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Vacuum: Formalism

@ Flavor Oscillation is generated by the interference of neutrino
mass states = we need to mix mass and flavor eigenstates

va(t)) = 2j=1.2 Uajlv(t))
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Vacuum: Formalism

@ Flavor Oscillation is generated by the interference of neutrino
mass states = we need to mix mass and flavor eigenstates

a(t)) =2 212 U_aj!Vj(t)>
() = (o, st (o)
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Vacuum: Formalism

() - (50 =) (249)
e Time evolution:

i%h/j(t» = H|y(t)) = Ejlvi(t)); E = ./P>+ mjg
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Vacuum: Formalism

() - (5 2) ()
e Time evolution:

L y(e) = M0 = El(0); = [+ m?

2
o Ultra-relativistic neutrinos: E; ~ E + —é
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Vacuum: Formalism

(49) - (5% 2 ()
@ Time evolution:

i%'”f(t»:myi(t»:Ej\Vj(t)>; Ej=/P?+m?

N

- . . m?
o Ultra-relativistic neutrinos: E; ~ E + £

2
. .m'
= [y(e)) = e Etei 3 )
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Vacuum: Formalism

(43) - (5 2) ()
e Time evolution:

i%|l/j(t)> = H|y(t)) = Ejlvi(t)); E = ./P>+ mjg

2
o Ultra-relativistic neutrinos: E; ~ E + ;L/E
2
= y(e)) = e Ete 3k )
Poesv, = l{ve(t)vu(t)]? = ... = sin®(20) sin® (m22Em1 L)
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Matter: Formalism

When passing through an environment, v, interacts with its e, p
and n(weak interactions).
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Matter: Formalism

When passing through an environment, v, interacts with its e, p
and n(weak interactions).
This changes the Hamiltonian, and thus affects the v. = v,
transitions.
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Matter: Formalism

When passing through an environment, v, interacts with its e, p
and n(weak interactions).
This changes the Hamiltonian, and thus affects the ve = v,
transitions.
The most impactful interaction is the one with e, having an
interaction potential V; ~ GEEN.,.
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Matter: Formalism

V) ~ GFEN,
H=Hy+H, Hvly)=Ejlv) and H/|va) = Vidae|va)
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Matter: Formalism

Vi ~ GFEN,
H=Hy+Hi; Hylyj) = Ejlyj) and Hilva) = Vidael|va)

i () = 0o+ (165)
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Matter: Formalism

Vi ~ GFEN,
H=Hy+H; Hylyj) = Ejlyj) and Hilva) = Vidael|va)

i ) oo (143
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Matter: Formalism

V[ ~ GFENe
H="Hy +H, Hylvj) = Ejlvj) and Hilva) = Vidaelva)

e 5 oot (13
= 5(5)-(onew) (i) 2

2.0 2v2EGEN, 0
o=ty 20— (7 ) (Y
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Matter: Formalism

H d wee wee 17[)66
— = UM2UT+V>< >EH ( )
Idt <weu> ( ! weu F ¢eu
2
_ a2 (M 0N, _ (2V2EGEN. O
o = slalel)s M2 = (" 55 vy = (BVRESRNe 0
Diagonalizing Hr gives 8(0, Am?, V;) and Am?(0, Am?, V)

2 2 2
Am® = m5 — mj
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Matter: Formalism

i Vee _ 2t ><¢ee> _ <¢ee>

dt (¢e,u> <UM Ui+ vi 77/}e,u =Hr Qf)e,u
2

o = tslvalel M2 = (%

Diagonalizing HF gives 6(6, Am?, V) and Am?(0, Am?, V)

2_ .2 2
Am® = m5 — mj

If § is time-independent(adiabatic regime):

Puvo, = I = . =sn@) s (41
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Brief Introduction to Neutrino Oscillations

Ve = v, Oscillations in Matter: Formalism

Prsy, = [Yenl? = ... = sin?(2f) sin? | 32 L

This is known as the Mikheev-Smirnov-Wolfenstein(MSW) effect

Stanislav Mikheev, Alexei Smirnov and Lincoln Wolfenstein
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Spinors in Curved Spacetime

Dirac Equation in Curved Spacetime

(ifmuA* 0" — me)h =0
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Spinors in Curved Spacetime

Dirac Equation in Curved Spacetime

CurvedSpacetime

(iR 8" —me) = 0 (ihgyu ()7 V¥ —mc) = 0
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Spinors in Curved Spacetime

Dirac Equation in Curved Spacetime

CurvedSpacetime (
>

(ihmu " 0" —me) =0 ihgu (x)y" VY —mc)y =0
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Spinors in Curved Spacetime

Dirac Equation in Curved Spacetime

CurvedSpacetime

(ihnuy"0” —me) =0 (ihguw (x)y* V¥ —mc) =0

General covariance requires fields to behave like tensors under
coordinates transformation. However, v is not a tensor.
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Spinors in Curved Spacetime

Dirac Equation in Curved Spacetime

(il 0" —me) i = 0 SLBLZEE (g, (x)y# VY —mc) i = 0

General covariance requires fields to behave like tensors under
coordinates transformation. However, v is not a tensor.

Fundamental reason: GL(4,R) does not have a spinorial
representation.

Solution: Use tetrad formalism, i.e. link local coordinates to global
ones

Ali Rida Khalifé ridakhal@iap.fr
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Spinors in Curved Spacetime

Dirac Equation in Curved Spacetime

(iR 0" —mc)p = 0 LBRAEMNE (i (x)YHVY —mc) i = O

General covariance requires fields to behave like tensors under
coordinates transformation. However, v is not a tensor.

Fundamental reason: GL(4,R) does not have a spinorial
representation.

Solution: Use tetrad formalism, i.e. link local coordinates to global
ones

() (O — ) — (+)mc} BD) = 0 § = i
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Spinors in Curved Spacetime

Dirac Equation in Curved Spacetime

. CurvedS, ti .

(ifmuA"0 —me)yp = 0 == (ilig (x)yH VY —mc) = 0
General covariance requires fields to behave like tensors under
coordinates transformation. However, v is not a tensor.

Fundamental reason: GL(4,R) does not have a spinorial
representation.

Solution: Use tetrad formalism, i.e. link local coordinates to global
ones

[’ () (O = T) = (+)mc} D) = 0; & =90
References:chapter 3.8 of Quantum Fields in Curved Space by

N.D.Birell and P.C.W.Davies, or chapter 5 of Quantum Information

in Gravitational Fields by M.Lanzagorta. 2
Ali Rida Khalifé ridakhal@iap.fr
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Partl: General Formalism

Part |:General Formalism

e 5= Sgravity + Sscalar + Sspinor + 5interaction
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Partl: General Formalism

Part |:General Formalism

e 5= Sgravity + Sscalar + 5spinor + 5interaction
Variational Principle“/

° (ifw“Du — mc)¢ ="Force”
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Partl: General Formalism

Part |:General Formalism

e S= Sgravity + Sscalar + Sspinor + Sinteraction
Variational Principle\U{
o (iny"Dy — mc) ="Force”

o Consider different types of couplings
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Partl: General Formalism

Part |:General Formalism

® 5 = Sgravity + Sscalar + Sspinor + Sinteraction
Variational Principle“/

° (ifw“Du — mc)¢ ="Force”

e Consider different types of couplings

e

Solve Dirac equation using
WKB approximation at 0"
and 1%t order in A
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Partl: General Formalism

Part |:General Formalism

® 5 = Sgravity + Sscalar + Sspinor + Sinteraction
Variational Principle“/

° (ifw“Du — mc)¢ ="Force”

e Consider different types of couplings

N

Solve Dirac equation using Oscillation probability as a

WKB approximation at 0" function of redshift. Gravity

and 1%t order in A. and ¢ alter neutrino
oscillations.
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Partl: General Formalism

Part |:General Formalism

® 5= [d'x/g [%R—%%WWP—V(w)+iﬁ(i7”Du¢—Dwﬁv“w)—2mlﬁw+/\@
Variational Principle\U/

o (iny"Dy — mc)p ="Force”

o Consider different types of couplings

YR
Solve Dirac equation using Oscillation probability as a
WKB approximation at 0Ot" function of redshift. Gravity
and 1%t order in A. and ¢ alter neutrino
oscillations.
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Partl: General Formalism

Part |:General Formalism

[ S

@ S= fd4x\/fg[%Rféauapa“gofV(g0)+ih(1/_ry“D#w7DMZ'y“w)72m1,l_11b+)\@

_1 945
V—g &y
- _ _x[oe 90 \ — _ 100
o (ity"(8y —Tpu)— me)p =—35 <8¢7 — (o* — r“)ax5> =55
o Consider different types of couplings
YR
Solve Dirac equation using Oscillation probability as a
WKB approximation at 0" function of redshift. Gravity
and 1% order in 7. and ¢ alter neutrino
oscillations.
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Partl: General Formalism

Part |:General Formalism

—

°s5= fdmﬁ—g[; ~ 30up0" o=V (@) +il (v Dyt~ DytdyHep) —2mip+ 10
1 _6S

V=& 6%
o (ihy"(8y —Tpu)— me)y = _5\<g§)_’ — (0 — ru)ﬁ)%) = _%gj}
@ Current-Velocity coupling:© = ihzﬁfy“w(?“(p;

Kinetic-Potential coupling:© = ih}Z’y“Du¢cp2;
Kinetic-Kinetic coupling: © = ihpy"D,0,p0" .

YR
Solve Dirac equation using Oscillation probability as a
WKB approximation at 0" function of redshift. Gravity
and 1%t order in A. and ¢ alter neutrino
oscillations.
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Partl: General Formalism

Part |:General Formalism

—

°s5= fdmﬁ—g[; ~ 30up0" o=V (@) +il (v Dyt~ DytdyHep) —2mip+ 10
1 _6S

V=& 6%
H 20 909 — 1)
o (ity"(9u—Ty) — me)yp = _3<3¢7 — (0" - r“)aX{f) =—35%
@ Current-Velocity coupling:© = /'ﬁz/_m,f“w(?,,,go;

Kinetic-Potential coupling:© = ihy"D,1¢?;
Kinetic-Kinetic coupling: © = i)y D,10,p0" .

YR
Solve Dirac equation using Oscillation probability as a
WKB approximation at 0" function of redshift. Gravity
and 1%t order in A. and ¢ alter neutrino

oscillations.
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Partl: General Formalism

Part |: WKB approximation- Linear Derivative Coupling

° © = ih"Ydup
o Let ¢(x) = eS()/h Y neo(—ih)"n(x)
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Partl: General Formalism

Part |: WKB approximation- Linear Derivative Coupling

° O = il Pdup
o Let go(x) = €0 T (—i)myhy(x) 2r2EaLaten
[= (005 + m) + 57" ug] o
+ih[(v#0uS + m — %fyﬂa,ugo)wl +4#Dytbo] + O(12) = 0.
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Partl: General Formalism

Part |: WKB approximation- Linear Derivative Coupling

e O = iﬁ&fy“ﬂ)@uc‘a
o Let ¢h(x) = (IS (jR)Mp,(x) DiracEquation
[ = ("8uS + m) + 379" 9up|tho
+ ihK’W@us +m— %"y“au(p)wl + ’Y“D/ﬂﬂo} + O(R?) = 0.

o At order R0 : | — (’y"(‘)MS + m) + %’7“8;190 o =0
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Partl: General Formalism

Part |: WKB approximation- Linear Derivative Coupling

° © = iy pdup
o Let ¢(x) = (/M3 (—jR)"pn(x) DiracEquation
[ = (0"0uS + m) + 37" Fup]tho
+ih[(¥"0uS + m — %fyﬂa#gp)d)l + 7" Dytho] + O() = 0.

o At order A0 : [— (fy“@us + m) + 37“3;1%0] Yo=0

@ Non-trivial solution < det ['y“au <S — é‘tp) + m] =0

= 8u<5 - 3@)6“(5 — ;‘«,p) = —m?
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Partl: General Formalism

Part |: WKB approximation- Linear Derivative Coupling

o At order A0 : [— (Y#0,S + m) + ’2\7“31190] Yo=0

@ Non-trivial solution < det|7*0,| S — %cp +m|{ =0

= 05— de)or(s5-20) = -

@ Canonical 4-momentum satisfies usual geodesic equation:
dp® 1 By —
o Toml PP =0
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Partl: General Formalism

Part |: WKB approximation- Linear Derivative Coupling

e Non-trivial solution < det|v#0,( S — g‘tp> + m] =0

= @u(S - ’2\<p>(9“<5 - ;‘90) =-m?

e Canonical 4-momentum satisfies usual geodesic equation:
d @
Bt TR =0

o At order A : ‘Z’—: + %I—O‘mpﬁpV = mf® oc hp* R8s
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Partl: General Formalism

Part |: WKB approximation- Kinetic-Potential Coupling

° 0= "h%’MDuWPz = (ihﬁ - m)w = %@WP%@ =Dy,
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Partl: General Formalism

Part |: WKB approximation- Kinetic-Potential Coupling

° O = ily"Dyhp? = (ihP — m)y = TPy P = 4D,
@ Same Machinery as before, at order 1°:

-2
89,5015 = —m? <1 - Af)

1

o 2
&= 4 Lrey pPpT =)o [m<1 - A?)] (m°X2 + P paXy);
X = 0%.
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Partl: General Formalism

Part |: WKB approximation- Kinetic-Potential Coupling

° O = iy'Dyupp® = (il — m)y = PPy P = 4D,
e Same Machinery as before, at order h0:

-2
0,50"S = —m? (1 - A;"Z)

-1
a 2
G+ B PP = A [m< - *“5)] (m?Xg + ppaXy);
X2 = 0%,

.1d lda _ _ d A
o In flat FLRW:1 % 4 1d2 — _d |y (1 - 2)
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Partl: General Formalism

Part |: WKB approximation- Kinetic-Potential Coupling

@ Same Machinery as before, at order °:

-2
09,5015 = —m? <1 - Af)

-1
[t 2
‘% + %, P P = =X [m<1 - Af)] (m?Xg + P paXP);
= 0%p.

ldp 4 1da _ _d Ap?
o In flat FLRWpdt E = dtln( 5 )

~ 2
=p=8: 53=3 1—’\%

@ Change in matter-radiation equality:

1/3 ) —17-1
1+Zeq:§22’ymg|:1+l\lu<ﬁ> < _M20> :| .
52
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Partl: General Formalism

Part |: WKB approximation- Kinetic-Kinetic Coupling

0 © = iy D0, pdtp.
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Partl: General Formalism

Part |: WKB approximation- Kinetic-Kinetic Coupling

0 © = iy Dy pdupdtp = (iKD — m)h = L2pd, 00t .
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Partl: General Formalism

Part |: WKB approximation- Kinetic-Kinetic Coupling

o O = i)y Dypdupdtp = (ihD — m)y = L2405, 00" .
o At order RO
8, SO"S = —m? <1 — 20updle

dp* lra BrY — AXp)~y 2 _af a0 XV.
7+ m%.pp r/2000550) (m?g®” + p°p?) VX
X5 =0%
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Partl: General Formalism

Part |: WKB approximation- Kinetic-Kinetic Coupling

0 © = iy Dypdupdtp = (iKD — m)yh = L2pd, 00t .
o At order K0:

0, S"S = —m? <1 — 20up0%¢

dp® ira BpY — A(Xp)y 2 af a0 X -
gr Tm' syPP m(1-M/2(X,)5X3) (m*g™” + p*p") Vs Xy;
= 8(1%0

1d 1d d A2
o In flat FLRW: 22 + 192 = — &I <1+§)

=p="52; d=a(1+X?/2).
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Partl: General Formalism

Part |: WKB approximation- Kinetic-Kinetic Coupling

o At order K0:
8, SO"S = —m? (1 — 20updte

dp* lra BrY — _ A(Xe)~y 2 af a0 \V4 X’Y.
gr Tm' PP m(1-M/2(X,)5X3) (m*g™” + p*p") Ve Xy,
Xg = 0%

o In flat FLRW:1 % 4 1d2 — _d (14 2

=p=2; d=a(l+x$?/2).
@ Change in matter-radiation equality:

1/3 o\ 1t
1+zeq:§§:g[1+N,,<181> <1+A§’> ] :
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Partl: General Formalism

Part |:General Formalism

—

°s5= fdmﬁ—g[; ~ 30up0" o=V (@) +il (v Dyt~ DytdyHep) —2mip+ 10

_1 945
V=g &
: _ _ X[ 99 909 — A9
o (ity"(9u—Ty) — me)yp = _2<3¢7 — (0" - r“)aX{f) ="2%%
@ Current-Velocity coupling:© = zﬂfyfwamp;
Kinetic-Potential coupling:© = ih}b'y“DM¢cp2;
Kinetic-Kinetic coupling: © = ihpy" D, 0, p0" .
YR
Solve Dirac equation using Oscillation probability as a
WKB approximation at 0" function of redshift. Gravity
and 1%t order in A. and ¢ alter neutrino

oscillations(NO). s
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part Il: NO & DE-Interaction term

What type of coupling © should we consider for Neutrino-DE
interaction?
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part Il: NO & DE-Interaction term

What type of coupling © should we consider for Neutrino-DE
interaction?

—390 = (€F (0, XE) + E* Gulio, XE)) -
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part Il: NO & DE-Interaction term

What type of coupling © should we consider for Neutrino-DE
interaction?
~559 = (EF (. XB) + &7 Gulp, X5)) 0.
/ N

Flavor-invariant coupling Flavor-dependent Coupling
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part Il: NO & DE-Interaction term

What type of coupling © should we consider for Neutrino-DE
interaction?

—390 = (€F (0, XE) + E* Gulio, XE))
Vs N

Flavor-invariant coupling Flavor-dependent Coupling

Focus later on A and Scalar ﬁ_eld DE, with Current-Velocity
coupling(¥y*1d,¢)
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part II: NO & DE-Dirac Equation

For 2-flavor system (ve,v,,), define ¢ = (Z’e)
"

(w@u - Mf)w (P (0 XE) 4+ €7 G X))

where M = vaccum mass matrix in flavor space;
2
rme=u(m™ Oyt
0 m%
cosf) sinf

_inf  cos 9) ;@ = mixing angle

and U = mixing matrix = <

Neutrino Oscillation: an Avenue to Probe the Universe
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part Il: NO & DE-Flavor state

2

Recall: in flat S.T, |va) =35 Uaje_"ﬁﬂyj).
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part Il: NO & DE-Flavor state

m2

Recall: in flat S.T, [va) = Y2,y 5 Unje 26 (1),

In curved S.T,|v) = Zj=1,2 Uajei¢(A)|Vj>

A
where ®(\) = f P.p,.dX; P = 4-momentum operator;
Ao

Prun =null vector tangent to worldline.
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part Il: NO & DE-Flavor state

o) = X1z Unge® Oy & -5 ra(0) = ©(0)lwa()
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part Il: NO & DE-Transition Amplitude

o) = Xjm10 Ung®Olig) & -5 ra(A) = S()[va()
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part Il: NO & DE-Transition Amplitude

Vo) = Yojo10 Uaje V) & dd)\lva( )) = *(N)|va(A)

. d ~
Was = (alra(V) o Vas = B4+ Vi v
2
M2 = (m1 —¢F) 0 t. 1
N =U ( o gF)2> U Vi o &Gl
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part Il: NO & DE-Transition Amplitude

. . d
Vo) = 2 i1 Uaje™®M]y)) & 'alva(w S(N)[ra(N))
_ w1
Vs = (Vpva(N)) i Vas = |gMe+ Vi Vag
2
2 — y((m—¢F) 0 . I
M U < 0 (m2 _ 5/__)2) U ) V[ 0.8 fquPnuu

Gravitational MSW effect
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part Il: NO & DE-Transition Amplitude

.d ~
/a\ua[g = [;Mﬁ + v,] Vo5
2
- —¢F 0
M2=U (m 05 ) (2~ §F)2> Ui Vi o Gt
Diagonalize [é/\;l,% + V/} by U = (f:isneé zcljns%> with eigenvalues v
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part Il: NO & DE-Transition Amplitude

.d ~
/a\llaﬁ = |:§M% + V/:| Waﬁ
2
2 _ (my —&F) 0 iy G ot
Mf U( 0 (m2 —fF)2> ur; ’chf 1Pl

, , 1 4% ~ [ cos sinf\ .
Diagonalize [2Mf + V,] by U = (_ <ind cosé) with eigenvalues v..

Pe— - Pe-
Define ¢o; = Jﬁwaﬁ = I (¢e+> - (/gf\ IdA) <¢e+) '
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Results
Part 1I: Neutrino Oscillation in flat FRW

Part Il: NO & DE-Transition Amplitude

9
d\

2
'/\;l)z‘ =U ((ml _OgF) (m2 _05,:)2> UT; Vi o g’FGMPI:UII

Wags = [5/‘;@ + V/] Vag

cos  sind with eigenvalues v.
—sin@ cos6 & +

b T (9
Define goj = UjgVap = i g3 (¢e+> B (/Viii IdA) <¢e+)'

For A and scalar DE with Iinear derlvatlve coupling, we have adiabatic

Diagonalize [é/\;l% - V,} by U = (

regime, i.e. d)\ =0.
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Results

Part 1I: Neutrino Oscillation in flat FRW

Part II: NO & DE-Probability

Solving for ey — = W, by inverse transformation.

Presv, = [Vepu|? = F(EF, &6 G)sin® 20 sin? (‘”;““),

W_ — Wy =

Ve—Vy

 pstd .9 .o (m3—m2)L
Compare to flat S.T: PSt = sin“ 20 sin (2451>
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[RESIS
Part 1I: Neutrino Oscillation in flat FRW

Part I1: NO & ACDM

In Particle Physics (Minkowski spacetime):

. . 2
Pysv, = sin® 20 sin® (AEEL)
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[RESIS
Part 1I: Neutrino Oscillation in flat FRW

Part I1: NO & ACDM

In Particle Physics (Minkowski spacetime):

. . 2
Py, = sin® 20 sin® (AZEL)

FRWﬂ L—d;E— Ey/a

- 2 - 2 (Am?da
Pye—v, = sin 20 sin (TOL)

d = (1—|—Ze)Hgl L/O—r (Qm0(1+2)3+QA0>

-1/2
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[RESIS
Part 1I: Neutrino Oscillation in flat FRW

Part I1: NO & ACDM

Quantum spinors in flat FLRW universe with cosmological constant
DE:

Py = sin? 20 sin® w:
Ze

-1/2
won =23 P = 55 ), (Qmo(1+z)7+mo(1+z)4> dz

— Hp =Hubble constant today;
— z. =emission redshift;

— Qmo(Qp,) =matter(DE) density parameter.
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[RESIS
Part 1I: Neutrino Oscillation in flat FRW

Part I1: NO & ACDM

0.6

P/Sin?20

0.4/

0.2]

0.0
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[RESIS
Part 1I: Neutrino Oscillation in flat FRW

Part II: NO & Quintessence

e In flat FLRW with scalar field DE(e.g. quiptessence, modified
gravity) coupled to neutrinos via Lingy = {7*900,¢
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[RESIS
Part 1I: Neutrino Oscillation in flat FRW

Part II: NO & Quintessence

@ In flat FLRW with scalar field DE(e.g. quintessence, modified
gravity) coupled to neutrinos via Line = {7" 90,0

e Corresponds to F =0 and G, = 0, in
—399 = (¢F (0, XE) + €7 Gulio, XE)) .
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[RESIS
Part 1I: Neutrino Oscillation in flat FRW

Part II: NO & Quintessence

o In flat FLRW with scalar field DE(e.g. quintessence, modified
gravity) coupled to neutrinos via Liny = {7*900, 0

e Corresponds to F =0 and G, = 0, in

~599 = (6F (. XE) + €77 Gulip, X5)) 0.
@ Does not alter the dynamics = Klein-Gordon equation remains
the same.
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[RESIS
Part 1I: Neutrino Oscillation in flat FRW

Part II: NO & Quintessence

e In flat FLRW with scalar field DE(e.g. quiptessence, modified
gravity) coupled to neutrinos via Liny = {37*900,¢0

e Corresponds to F =0 and G, = 0, in
—532 = (6F (0, X5) + 7" Gulio, XE)) 0.

@ Does not alter the dynamics = Klein-Gordon equation remains
the same.

e Slowly rolling scalar field: ¢? < V(i)
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[RESIS
Part 1I: Neutrino Oscillation in flat FRW

[I: NO & Quintessence

In flat FLRW with scalar field DE(e.g. quintessence, modified
gravity) coupled to neutrinos via Lin = {37*40,¢

e Corresponds to F =0 and G, = 0, in
—532 = (6F (0, X5) + 7" Gulio, XE) ) 0.
@ Does not alter the dynamics = Klein-Gordon equation remains
the same.
o Slowly rolling scalar field: ¢? < V()
e Pg= st 20 sin(wg/2)
Do = 1+ 4Eg\/e(1 + ze) cos 20(&e — £,)(Am?) 1
-1/2

wo ~ £5 fo Dy "2 <Qmo(1 +2)7 + Qup(1 + z)“) dz

Ali Rida Khalifé ridakhal@iap.fr Neutrino Oscillation: an Avenue to Probe the Universe



[RESIS

Part 1I: Neutrino Oscillation in flat FRW

Part II: NO & Quintessence

Pisin®26

Ze
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Part I1l: On the Hubble Tension

Part 11l: NO & the Hubble Tension(HT)-Plan

o Generalize to three neutrino flavors in ACDM
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Part I1l: On the Hubble Tension

Part I1l: NO & HT-Plan

@ Generalize to three neutrino flavors in ACDM

o Effect of different Hy values on the oscillation probability.
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Part I1l: On the Hubble Tension

Part I1l: NO & HT-Plan

@ Generalize to three neutrino flavors in ACDM

o Effect of different Hy values on the oscillation probability.

e Distinguish between Normal Hierarchy(NH) and Inverted
Hierarchy(IH)

C — (1)’ (m,)” e— —

(m,)” e——

(@),

— — (m,)"
(Am®)
— (m,) (my)’m —

normal hierarchy inverted hierarchy

Schematic difference between the two neutrino hierarchies. my > 3 are eigenvalues for neutrino mass

states, and Am,-zj =m? - m?

i
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Part I1l: On the Hubble Tension

l1l: NO & HT-Plan

Generalize to three neutrino flavors in ACDM

Effect of different Hy values on the oscillation probability.

Distinguish between Normal Hierarchy(NH) and Inverted
Hierarchy(IH)

Show results in terms of Ternary diagrams and neutrino flux vs.
redshift plots.
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Part I1l: On the Hubble Tension

Part Ill: NO & HT-Equations Needed

o ACDM:
ds? = g dxtdx” = —dt? + a°(t)(dr? + r?d6? + r’sin? d¢?),

H*(2) = 5% (pm + pr) = H3 <Qm(1 +2)° + m)
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Part I1l: On the Hubble Tension

Part Ill: NO & HT-Equations Needed

o ANCDM:
ds? = g, dxitdx” = —dt? + a(t)(dr? + r2d6? + r?sin? 0d¢?),

H2(2) = 558 (pm -+ on) = HG (n(1 +20° + )

@ Transition amplitudes’ evolution:

g [Vee 1 m> 0 0 Ve
i (Ve | =50 0 m5 0 Ut | Vo,
\UQT 0 0 m% wa’r
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Part I1l: On the Hubble Tension

Part IIl: NO & HT-Probability

@ Transition Probability:

Am2AN Am2AN
) i . i
Pag = dap+ E [aaﬁ;,-j sin <i >—i—ba5;,’j sin <2J >}

i<j
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Part I1l: On the Hubble Tension

Part IIl: NO & HT-Probability
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Part I1l: On the Hubble Tension

Part Ill: NO & HT-Pure Electron Neutrino I.C.

(Ve7 Uy, VT) = (17 0, 0)

s e e o ke
€

——IceCube 68%CL

——IceCube 95%CL
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Part I1l: On the Hubble Tension

Part Ill: NO & HT-Pure Muon Neutrino I.C.

(Ve7 Vs VT) = (O, 1, O)

EU

2=0.05
2=0.07
2=0.1
z=0.2
z=0.5
z=0.8
2=1

. z=2
z=4

CEE BRI 2 2
-
=

——IceCube 68%CL - — ~IceCube-Gen2 95% CL

——IceCube 85%CL IceCube-Gen2 68% CL
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Part I1l: On the Hubble Tension

Part Ill: NO & HT-Pion Decay I.C.

(Ve, vu,vr) = (1/3,2/3,0)

——IceCube 68%CL —— IceCube 15yrs 68% CL

——IceCube 95%CL IceCube 15yrs+Gen2 10 yrs 68% CL
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Part I1l: On the Hubble Tension

Part Il1l: NO & HT-Flux emitted vs. observed
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Part I1l: On the Hubble Tension

Part Il1l: NO & HT-Flux EU v

50,219 0.15
0.10

0.05|

0.00f
0.01 0.05 0.10 050 1 5 10 0.01 0.05 0.10 050 1 5 10
2z, Ze
0.24f
EU-LU —NH
éo L H
0.22]
0.20|
0.1 0.5 1 5 10
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Part I1l: On the Hubble Tension

Part Ill: NO & HT-Observational Prospects

@ Uncertainty from Planck2018 on Q,, induces ~ 0.12% change
to results.
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Part I1l: On the Hubble Tension

Part Ill: NO & HT-Observational Prospects

@ Uncertainty from Planck2018 on Q,, induces ~ 0.12% change
to results.

@ For extra-galactic neutrinos, IceCube and its upgrade
IceCube-Gen2 are the most relevant neutrino observatories.
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Part I1l: On the Hubble Tension

Part Ill: NO & HT-Observational Prospects

@ Uncertainty from Planck2018 on Q,, induces ~ 0.12% change
to results.

@ For extra-galactic neutrinos, IceCube and its upgrade
IceCube-Gen2 are the most relevant neutrino observatories.

@ IceCube cannot give a lot of input currently: Contours are still
wide and very few sources detected with sufficient accuracy(2
blazars at redshifts 0.33 and 0.5 detected at 30).
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Part I1l: On the Hubble Tension

[Il: NO & HT-Observational Prospects

Uncertainty from Planck2018 on ,, induces ~ 0.12% change
to results.

For extra-galactic neutrinos, IceCube and its upgrade
IceCube-Gen2 are the most relevant neutrino observatories.

IceCube cannot give a lot of input currently: Contours are still
wide and very few sources detected with sufficient accuracy(2
blazars at redshifts 0.33 and 0.5 detected at 30).

However, IceCube-Gen2 has 10 times more sensitivity, and can
detect sources that are 5 times fainter.
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Part I1l: On the Hubble Tension

Part Ill: NO & HT-Observational Prospects

@ Uncertainty from Planck2018 on Q,, induces ~ 0.12% change
to results.

@ For extra-galactic neutrinos, IceCube and its upgrade
IceCube-Gen2 are the most relevant neutrino observatories.

@ IceCube cannot give a lot of input currently: Contours are still
wide and very few sources detected with sufficient accuracy(2
blazars at redshifts 0.33 and 0.5 detected at 30).

@ However, IceCube-Gen2 has 10 times more sensitivity, and can
detect sources that are 5 times fainter.

@ Analysis is made assuming flat spacetime. But gravity now must
be included.

101

Ali Rida Khalifé ridakhal@iap.fr Neutrino Oscillation: an Avenue to Probe the Universe



Conclusion

Summary

@ Brief overview of neutrino oscillations in flat spacetime:
propagation in vacuum and matter
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Conclusion

Summary

o Brief overview of neutrino oscillations in flat spacetime:
propagation in vacuum and matter

@ General formalism for neutrino dynamics and oscillation in
Curved spacetime
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Conclusion

Summary

@ Brief overview of neutrino oscillations in flat spacetime:
propagation in vacuum and matter

@ General formalism for neutrino dynamics and oscillation in
Curved spacetime

@ Depending on the type of v — ¢ interaction, the dynamics
change.
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Conclusion

Summary

@ Brief overview of neutrino oscillations in flat spacetime:
propagation in vacuum and matter

e General formalism for neutrino dynamics and oscillation in
Curved spacetime

@ Depending on the type of v — ¢ interaction, the dynamics
change.

@ Depending on what drives the Universe's expansion, v transition
probability changes compared to flat spacetime.
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Conclusion

Summary

@ Brief overview of neutrino oscillations in flat spacetime:
propagation in vacuum and matter

@ General formalism for neutrino dynamics and oscillation in
Curved spacetime

@ Depending on the type of v — ¢ interaction, the dynamics
change.

@ Depending on what drives the Universe's expansion, v transition
probability changes compared to flat spacetime.

@ One must not make a simple substitution of cosmological
quantities into transition probability formula.
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Conclusion

Summary

@ Brief overview of neutrino oscillations in flat spacetime:
propagation in vacuum and matter

@ General formalism for neutrino dynamics and oscillation in
Curved spacetime

@ Depending on the type of v — ¢ interaction, the dynamics
change.

@ Depending on what drives the Universe's expansion, v transition
probability changes compared to flat spacetime.

@ One must not make a simple substitution of cosmological
quantities into transition probability formula.

o Different Hg values can make a few % difference in transition
probability.
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Conclusion

What's Next?

More work on the observational front: MCMCs.

Look at wave-packets of neutrinos.

Look at 15t order perturbations and effect of power spectra.
Neutrinos traveling near Dark Matter halos.

Apply to other fermionic entities: electrons or DM(?).

Quantum field theory in curved spacetime has many applications
still to be explored.

It is a further step in generalizing our analysis of the Universe.

108

Ali Rida Khalifé ridakhal@iap.fr Neutrino Oscillation: an Avenue to Probe the Universe



Conclusion

The End! J

Questions or comments?

Refs:2010.08181, 2105.07973 and 2111.15249
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https://arxiv.org/abs/2010.08181
https://arxiv.org/abs/2105.07973
https://arxiv.org/abs/2111.15249

Conclusion

Spinors in Curved Spacetime

The solution is to introduce tetrad fields, e,"'(x), that covers the
entire spacetime. These fields link local flat coordinates to the
global curved ones. Latin indices<local coordinates; Greek
indices<global coordinates.

{771} = 2" & {797} = —2g"9(x) = &' (x)7?
D,y = ( — )¢ M= —%%%eaa(x)v eb (%)
2T, = rfy el AL A = 1 /—gel et (D, e, — Dyepy)el e

(ihv“Du — mc)i/z =0« {ih’y“ (8H — }Q,Au) — m] =0
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